ABSTRACT: Membrane-bound phosphodiesterase 6 (PDE6) plays an important role in visual signal transduction by regulating cGMP levels in rod photoreceptor cells. Our understanding of PDE6 catalysis and structure suffers from inadequate characterization of the α and β subunit catalytic core, interactions of the core with two intrinsically disordered, proteolysis-prone inhibitory PDEγ (Pγ) subunits, and binding of two types of isoprenyl-binding protein δ, called PrBP/δ, to the isoprenylated C-termini of the catalytic core. Structural studies of native PDE6 have been also been hampered by the lack of a heterologous expression system for the holoenzyme. In this work, we purified PDE6 in the presence of PrBP/δ and screened for additives and detergents that selectively suppress PDE6 basal activity while sparing that of the trypsin-activated enzyme. Some detergents removed PrBP/δ from the PDE complex, separating it from the holoenzyme after PDE6 purification. Additionally, selected detergents also significantly reduced the level of dissociation of PDE6 subunits, increasing their homogeneity and stabilizing the holoenzyme by substituting for its native membrane environment.
P hosphodiesterase 6 (PDE6) plays an important role in visual signal transduction by regulating cGMP levels in rod photoreceptor cells. 1 This protein belongs to the phosphodiesterase (PDE) superfamily that is comprised of 11 members that hydrolyze cAMP and cGMP and thus regulate cellular levels of these second messengers. 2 All PDEs possess a highly conserved C-terminal catalytic domain and various N-terminal domains that regulate enzyme activity. PDE6 is a structurally unique heterotetramer as compared with other PDE types, consisting of PDE6α (∼99 kDa), PDE6β (∼98 kDa), and two inhibitory PDE6 γ subunits (Pγ) (∼10 kDa). 3−5 Although Pγ inhibits the catalytic domains of both PDE6α and PDE6β, 6−8 PDEαβγ 2 still displays basal cGMP hydrolytic activity. [4] [5] [6] 9 Catalytic subunits PDE6α and PDE6β are posttranslationally farnesylated and geranylgeranylated, respectively, at their C-termini. 10 Presumably, these modifications anchor PDE6 to the membranes of rod outer segments (ROS).
3,10−12 PDE6 can be removed from ROS membranes by 17 kDa prenyl-binding protein δ (PrBP/δ) which, through binding to the isoprenylated carboxyl termini of the catalytic subunits, 13 has become a novel method for PDE6 isolation. 14 The resulting PDE6 complex then was highly purified, allowing it to be structurally studied by single-particle analysis. 14 Significant structural information about PDEs is available. For example, a nearly full-length structure of PDE2 15 provided insights into the PDE topology and domain arrangement in addition to the regulation and function of this enzyme. The structures of several catalytic domains of the 11 PDE families have also been elucidated. 15−17 However, no high-resolution crystal structure is yet available for full-length holo-PDE6. The catalytic core of PDE6 is most structurally similar to that of PDE5 and to a lesser degree to those of PDE2, -4, -10, and -11. 2 The catalytic domain of a PDE5/6 chimeric protein complexed with the inhibitory Pγ peptide provided a structural basis for the Pγ regulatory mechanism. 18 The crystal structure of PrBP/δ in complex with Arl2-GTP showed that this protein has a fold similar to that of a modulator of rho family G proteins called RhoGDI 19 and protein UNC119, 20 both of which form a hydrophobic pocket for binding the geranylgeranyl moiety. Finally, the overall topology of PDE6 generated from singleparticle analysis of negatively stained electron microscopy images at 30 Å 21 and 18 Å resolution 14 displayed domain arrangements similar to those seen in PDE2. The failure to functionally express PDE6 in various heterologous systems has impeded our understanding of the structural basis of PDE6 catalysis and regulation. 11, 22, 23 Moreover, PDE6α and PDE6β expressed in vitro did not form heterodimers as observed in vivo. Folding of this protein may require specific chaperone machinery that exists only in photoreceptor cells. 24 Previous use of classical detergents used to facilitate protein extraction failed to improve PDE6 purification because this also solubilized rhodopsin and other membrane proteins present in ROS, 25 but an extensive list of reports in the literature also documents the effectiveness of including detergents in crystallization trials of soluble proteins, suggesting stabilization of a unique conformation of these proteins and possibly that the detergent also inhibits nonspecific interactions between protein monomers. 26−29 Here we characterized PDE6 purified in the presence of PrBP/δ and investigated the effects of different additives and/or detergents on the subunit integrity and catalytic activity of this enzyme. 31 Yields of PG, PDE6/δ, and PDE6 from 200 bovine retinas were ∼1.5, ∼1, and ∼1.5 mg, respectively.
Trypsin-Treated PDE6 (PDE6 t ). To prepare trypsintreated PDE6 (PDE6 t ) and holo-PDE6 were mixed with trypsin-agarose (Princeton Separations, Adelphia, NJ) at a ratio of 30 μg of protein to 1 μL of resin and incubated at room temperature for 30 min. Trypsin-agarose was removed when the mixture was passed through a 0.45 μM PVDF filter. PDE6 t was further purified by using either buffer exchange with a 50000 Da MWCO filter (Millipore) or gel filtration to remove proteolytic Pγ fragments. 3 Briefly, the protein was concentrated to 100 μL (∼2−5 mg/mL) with a 50 kDa MWCO Amicon Ultra filter and diluted with size exclusion chromatography (SEC) buffer [20 mM HEPES, 100 mM NaCl, 2 mM MgCl 2 , and 1 mM DTT (pH 7.5)] to 500 μL. This process was repeated six times. Proteolytic fragments with low molecular masses passed through the 50 kDa MWCO membrane, whereas the remaining PDE6 catalytic core of 200 kDa was retained in the supernatant. Alternatively, the trypsin-treated protein was separated on a gel filtration column as described below; PDE6 t eluted earlier and separated from smaller proteolytic fragments that eluted later.
For activity assays, PDE6 t was prepared from holo-PDE6 in three different ways. First, PDE6 was mixed with trypsin at room temperature for a specified time period. Then soybean trypsin inhibitor was added to stop the reaction. Second, PDE6 was mixed with trypsin-agarose at room temperature for a specified time period, after which the trypsin-agarose was removed by membrane filtration. To remove proteolytic fragments, buffer was exchanged at least six times with a 50 kDa MWCO membrane (Millipore). Third, after removal of trypsin-agarose from PDE6 t by membrane filtration, PDE6 t was further purified by size exclusion chromatography. PDE6 t eluted from the column as a single sharp peak at a position identical to that of untreated PDE6.
PDE6 Activity Assay. The pH-sensitive fluorescent dye SNAFL-1 (C-1270, Invitrogen) was used to monitor proton release caused by PDE6-catalyzed hydrolysis of cGMP and was measured fluorometrically 32 with a NovoSTAR (BMG Labtech) micro-plate spectrofluorometer reader. The assay was performed at 30°C in assay buffer consisting of 20 mM MOPS (pH 8.0), 150 mM KC1, 10 mM MgCl 2 , and 1 mM DDT. The protein (final concentration of 2 nM) was pre-incubated with assay buffer for 10 min, and the reaction was initiated by addition of cGMP (2 mM) and SNAFL-1 (20 μM) to achieve a final assay volume of 100 μL. The excitation wavelength was 480 nm, and emission was recorded at 540 nm with a gain value set to 1800. In the presence of PDE6, a steady increase in fluorescence intensity that reached a maximum in ∼60 min was observed. The percentage of cGMP hydrolysis was plotted as the indicator of enzymatic activity versus time. For PDE6, the data were fitted by linear regression with the slope determined from the data. For PDE6 t , the data were fitted by nonlinear regression. The half-life (T 1/2 ) to reach a maximum fluorescence was calculated from the time-dependent curve by fitting the data to the Boltzmann sigmoid equation with Prism 3.0. Reported data are presented as the means and standard deviations from at least three independent experiments. Detergent Concentrations. The concentration of PDE6 in the assays was ≤10 nM. To determine the tested concentrations for each detergent, detergent concentrations relative their critical micelle concentrations for PDE6 were initially calculated as follows: protein concentration (nanomolar) × aggregation number (typically 50−100) × 2 × 1.2−3.0 + CMC, where 2 accounts for the two catalytic subunits of PDE6 and 1.2−3.0 stands for the ratio of micelles to protein. For a detergent with a low CMC value, a 3-fold ratio was used, and for a detergent with a high CMC value, this ratio was 1.2. C 8 E 4 is a typical high-CMC detergent with an aggregation number of ∼82 and a CMC of ∼8 mM. For this detergent, the calculated micellar concentration required for PDE6 (2 nM) is 2 nM × 82 × 2 × 1.5 or ∼0.6 μM. Thus, at the concentration selected for testing (10 mM), C 8 E 4 was sufficiently above its CMC to form micelles around PDE6. Anapoe X-100 is a typical low-CMC detergent (aggregation number of ∼200, CMC of 0.3 mM). For this detergent, the micellar concentration required for PDE6 is 2 nM × 200 × 2 × 3 or ∼2.4 μM. At the tested concentration of 0.8 mM, Anapoe X-100 was also sufficiently above its CMC to form micelles around PDE6.
Biochemistry
Measuring PDE6 Activity Directly by Product Formation. PDE6 degrades cyclic GMP to GMP and releases protons into solution. Accordingly, PDE6 activity was measured here by monitoring the proton release accompanying cGMP hydrolysis in a weakly buffered solution containing the pH-sensitive fluorescent dye SNARF-1. This method requires a certain amount of substrate to generate the pH changes that can be reflected by the dye. We tested PDE6 t hydrolysis activity at various cGMP concentrations. For PDE6 activity measurements, the useful range of cGMP was approximately 1−10 mM. Below 1 mM, the resulting pH change was too small to generate a fluorescence signal much over background, and at concentrations above 10 mM, cGMP significantly reduced the fluorescence intensity of SNARF-1.
Thus, as an alternative, PDE6 activity was measured directly during hydrolysis of cGMP to GMP through isolation of both substrate and product by high-performance liquid chromatography (HPLC), essentially as described in ref 33 with modifications. Protein was first incubated in assay buffer [50 mM Tris (pH 7.5), 100 mM NaCl, 2 mM MgCl 2 , and 1 mM DTT] for 15 min at room temperature. To initiate the reaction, cGMP was added to a final concentration 0.5 mM. The total volume for the assay was 100 μL. The reaction was performed at 37°C and terminated at indicated time intervals by rapid protein denaturation at 95°C for 5 min. Control experiments were performed without cGMP or enzyme added. In a typical assay, 2 nM PDE6 t and 5 nM PDE6 were used for time course studies. To determine the apparent K m value for cGMP, the activity of 0.4 nM PDE6 t was measured at concentrations of cGMP ranging from 5 to 200 μM, and the resulting samples were further processed for nucleotide content.
cGMP and GMP were separated by a Zorbax ODS 5 μm, 4.6 mm × 250 mm reverse-phase HPLC column equilibrated with a 7.5% CH 3 CN/H 2 O solution containing 10 mM tetrabutylammonium bromide and a 100 mM K 2 HPO 4 / KH 2 PO 4 mixture (pH 6.5). Nucleotides were eluted at a flow rate of 1.0 mL/min and identified by their UV spectra and elution positions relative to those of authentic standards. Reaction samples totaling 100 μL were centrifuged at 16100g for 10 min to remove denatured proteins. Supernatants were collected, and 30 μL of each sample supernatant was diluted five times with equilibrating buffer [100 mM K 2 HPO 4 /KH 2 PO 4 (pH 6.5) containing 10 mM tetrabutylammonium bromide and 7.5% acetonitrile]. An aliquot of each supernatant (100 μL) was injected onto a Zorbax ODS 5 μm, 4.6 mm × 250 mm reversephase HPLC column (Agilent, Santa Clara, CA) and monitored at 254 nm. Nucleotides were eluted isocratically at a flow rate of 1.0 mL/min at room temperature.
Apparent K m values were calculated from the concentrationdependent curve with Prism 3.0. Reported data are presented as the means and standard deviations (SD) from at least three independent experiments.
Electron Microscopy with Negative Staining. Purified PDE6 samples with or without detergents were adsorbed for 45 s onto glow-discharged carbon-coated copper grids (Quantifoil, Micro Tools, Ochtrup, Germany). Grids then were either washed with two 7 μL drops of water or directly stained with two drops of 1% uranyl formate. Electron micrographs were recorded with a T12 transmission electron microscope (FEI Tecnai) operated at 100 kV.
■ RESULTS

Isolation of Different Forms of PDE6.
First, we tested whether the Pγ subunit could be removed through activation of membrane-bound PDE6 by first bleaching the ROS with light and then purifying the activated enzyme. However, Pγ was still detected in samples of the resulting purified active PDE6 by SDS−PAGE and immunoblots with an anti-Pγ antibody (data not shown).
Next, Pγ subunits were subjected to limited trypsin proteolysis to generate active PDE6 t . Digestion conditions were optimized by altering protein:trypsin weight ratios, incubation times and temperatures, and methods of tryptic treatment as described in Experimental Procedures. Under optimal conditions, the digestion yielded a stable product that was slightly smaller than untreated (C) PDE6 t activity with cGMP (2 mM) as a substrate. Enzyme activities monitored with the pH-sensitive fluorescent dye SNARF-1 were positively correlated with increasing fluorescence intensity over time. PDE6 t was generated as follows. Purified PDE6 was first mixed with trypsin at a 100:1 weight ratio for 10 min. Soybean trypsin inhibitor was then added at a 1:10 mass ratio to stop the reaction (dashed line, ○). Alternatively, PDE6 was mixed with trypsin-agarose at a ratio of 30 μg of protein to 1 μL of agarose for 30 min, and the reaction was stopped when the sample was passed through a filter to remove the trypsin-agarose. Trypsinized peptides then were removed by either gel filtration (dashed line, ◇) or buffer exchange with a 50 kDa MWCO filter (Millipore) (solid line, •). Activities for PDE6 t prepared by all three methods were identical. PDE6, as judged by SDS−PAGE ( Figure 1A ). Enzymatic activity was measured by using the SNARF-1 fluorescence assay. Although tryptic digestion produced fully activated PDE6, this treatment also led to protein heterogeneity because there are multiple trypsin digestion sites in the PDE6 catalytic core. Under controlled conditions, trypsin can effectively degrade the Pγ subunits, 8, 34, 35 but limited trypsin digestion also removes the Ctermini from the PDE6 complex with a different cleavage ratio for PDE6α and PDE6β. 8 Thus, even though the SDS−PAGE and gel filtration profiles showed high apparent sample homogeneity after trypsin digestion, these procedures could not provide the resolution needed to reveal unique sites and heterogeneity resulting from such digestion. After longer digestion, a 70 kDa polypeptide fragment(s) appeared ( Figure 1A ). Gel filtration analysis showed that this 70 kDa fragment(s) could still form a higher-molecular mass complex ( Figure 1B) , probably by combining with truncated PDEαβ subunits.
Activity Measurements of Purified PDE6 with SNARF-1. PDE6 degrades cyclic GMP to GMP, releasing a proton into the bulk solution ( Figure 2A ). Accordingly, PDE6 activity was measured by monitoring the proton release accompanying cGMP hydrolysis in a weakly buffered solution containing the pH-sensitive fluorescent dye SNARF-1. 32 The pH-dependent fluorescence intensity profile of SNARF-1 is shown in Figure 2B . This assay allowed rapid screening for effects of many additives on PDE6 activity ( Figure 2C ).
PDE6 t rapidly hydrolyzed cGMP with the fluorescence intensity reaching a maximum in approximately 5 min with a T 1/2 of ∼2 min ( Figure 2C , dark line, •). The change in pH during the assay was ∼0.1 pH unit for the whole time course. Initial rates for holo-PDE were not affected by an increased substrate concentration, implying that the assay operated at V max . Indeed, the initial rate of cGMP hydrolysis also was proportional to the amount of enzyme added. In contrast, purified PDE6 displayed basal cGMP hydrolytic activity as demonstrated by slower hydrolysis of cGMP with a T 1/2 of 30 min ( Figure 2C , dashed line, ○). This result indicates that the initial rate of PDE6 activity was ∼7% of that of PDE6 t and was not completely suppressed by the inhibitory Pγ subunit under these assay conditions.
In control experiments, 5 mM EDTA nearly abolished PDE6 t activity, probably by chelating Mg 2+ or other metal ions and preventing them from interacting with PDE6 t catalytic sites (Figure 3) , whereas Ca 2+ ions just reduced PDE6 activity ( Figure 3A) . Chaotropic additives were not effective in removing Pγ from the PDE6 complex. Urea at a concentration of 2 M had no effect on the enzymatic activity of PDE6 t , and arginine had only a minor effect ( Figure 3A) .
Effects of Detergents on PDE6 Stabilization. Because Pγ subunits could not be quantitatively removed, we then tried to identify conditions whereby these subunits could be retained with the catalytic core of PDE6. To explore the effects of detergents on purified PDE6 stability, we measured basal PDE6 activity in the presence of several representatives selected to cover a broad range of non-ionic, zwitterionic, ionic, and specialty detergents. PDE6 t activity measurements served as controls for the effects of such additives on catalytic activity. One detergent from each class was chosen with a CMC in the range of 0.1−10 mM. Purified PDE6 was pre-incubated in assay buffer with the "test" detergent, and then cGMP and SNARF-1 were added to initiate the reaction. Fluorescence intensities were recorded over 60 min.
As shown in Figure 3B , the selected detergents had various effects on PDE6 t activity. While CHAPS and OG reduced the rate of cGMP hydrolysis, others, including dimethyldecylphosphine oxide and n-dodecyl-N,N-dimethylamine N-oxide, abolished PDE6t activity altogether. Others such as Anapoe X-100 and C 8 E 4 preserved PDE6 t enzymatic activity. The T 1/2 for PDE6 t to reach its maximal activity was determined for all detergents selected for testing (Table 1) , and those with T 1/2 values close to T 1/2 values calculated in their absence were then subjected to further analysis for their effects on PDE6 activity. The rationale behind selection of the detergent concentrations used in these experiments is explained in Experimental Procedures.
Detergents found not to alter PDE6 t activity but to reduce purified PDE6 activity are listed in Table 2 . All such detergents were non-ionic. Anapoe X-100 and C 8 E 4 significantly repressed PDE6 activity ( Figure 3B, bottom) , but other detergents only moderately repressed PDE6 activity, e.g., n-undecyl β-Dmaltopyranoside. Polyoxyethylene glycols, such as Anapoe detergents, had the strongest effect on PDE6 basal activity suppression, whereas some maltosides and glucosides had an only moderate effect. For example, CYGLU-3, a non-ionic glucoside, failed to suppress PDE6 activity even at the high concentration of 30 mM, whereas Anapoe X-100 and Anapoe-35 at relatively low concentrations (0.3−0.8 mM) efficiently repressed PDE6 activity. At <1 mM, Anapoe X-100 reduced PDE6 activity ∼12-fold and Anapoe-35 reduced it nearly 30-fold.
Stabilizing Effects of C 8 E 4 on PDE6. As shown in Figure  4 , the fluorescence intensity of purified PDE6 in the presence of C 8 E 4 remained constant during the 60 min test period ( Figure 4A , dashed line) but steadily increased in the absence of this detergent. SNARF-1 also retained its sensitivity to pH changes in the presence of C 8 E 4 ( Figure 4B ). When PDE6 t was pre-incubated for 10 min in assay buffer containing C 8 E 4 or purified PDE6 was digested by trypsin and the resultant PDE6 t enzyme was added to the assay mixture containing C 8 E 4 , full activity was observed. This result could be ascribed to steric hindrance of Pγ by C 8 E 4 micelles, preventing release of Pγ from the catalytic site of PDE6. Thus, the C 8 E 4 -induced suppression of PDE6 basal activity could be due to a stabilized interaction of Pγ with PDE6, with C 8 E 4 forming a complex with PDE6 through an interaction with Pγ. PrBP/δ Binding to PDE6. PrBP/δ can extract PDE6 from ROS membranes by binding to the isoprenylated carboxyl termini of the catalytic subunits, 13 but on the basis of EM observations, PrBP/δ failed to form a stable complex with PDE6 and the protein solution contained a mixed population of complexes with one or two PrBP/δ proteins bound. Instead, it was observed that PG (PDE6−PrBP/δ−GST) was more stable.
14 The elution profiles of three forms of PDE6 in the absence of detergents are shown in Figure 5A . PDE6 and PDE6/δ eluted from the column as single sharp peaks, whereas a large fraction of PG formed a high-molecular mass aggregate. In the presence of the PrBP/δ−GST complex, PDE6 tended to aggregate, but these aggregates broke apart upon proteolytic removal of GST. On the basis of SEC analysis, the aggregation level of PG also increased with its protein concentration (data not shown). To reduce PG aggregation, various buffer conditions were tested. PG was buffer exchanged or dialyzed against the test media, and the resulting protein conformation was examined by SEC. Among the conditions tested, changes in pH (from 6.5 to 9.0) and NaCl concentration (from 0 to 0.5 M) did not affect the elution profile of PG; i.e., the protein remained as a mixture of the catalytic core dimer and aggregates. Addition of reagents and detergents had various effects. Glycerol allowed more aggregation, but glucose did not change the elution profile of PG. Whereas DDM, CHAPS, and Anapoe detergents partially reduced the level of PG aggregation, virtually no aggregation occurred in the presence of C 8 E 4 ( Figure 5C ). Instead, the protein sample displayed a single sharp peak followed by a second peak with a lower molecular mass. SDS−PAGE analysis identified PDE6 in the first peak (peak 1) and the PrBP/ δ−GST protein in the second peak (peak 2), indicating dissociation of the PrBP/δ−GST complex in the presence of C 8 E 4 . A similar phenomenon was observed with PDE6/δ. When this protein was incubated with C 8 E 4 , two peaks were observed upon SEC ( Figure 5D ), indicating that PrBP/δ had dissociated from the PDE6−PrBP/δ complex.
Because PrBP/δ did not form a tight complex with PDE6, it could be argued that dissociation of PrBP/δ from PDE6 was spontaneous rather than caused by the presence of C 8 E 4 . Thus, we determined if C 8 E 4 could deplete the PrBP/δ−GST protein from the PG complex. PG was incubated with GST resin, and unbound proteins were removed by washing with buffer. PG without detergent was included as control to monitor binding of the PrBP/δ−GST complex to the resin. As shown in Figure 6A , no protein was detected after several washes. C 8 E 4 (10 mM) was then added to the resin and left to incubate for 1 h. Then the resin was washed and subsequently eluted with reduced glutathione (10 mM); fractions were analyzed by SDS−PAGE. As shown in Figure 6A , PDE6 released from the resin was mainly found in the C 8 E 4 flow-through whereas the PrBP/δ−GST protein was mainly present in the elution fraction. Thus, C 8 E 4 dissociated the PrBP/δ−GST complex from PDE6 possibly by C 8 E 4 micelles embedding the lipid moieties of PDE6. We tested other polyoxyethylene detergents, including C n E m , to determine their effects on PG dissociation. For C n E m detergents, the length of the alkyl chain determines the detergent CMC and aggregation number, whereas the headgroup has a strong influence upon interactions with proteins. As shown in Figure 6B , PDE6 in the presence of C 8 E 4 and C 8 E 6 was mainly present in the flow-through fractions, indicating its dissociation from the PrBP/δ−GST protein, but in the presence of C 10 E 5 , PDE6 was found in the flow-through fraction (strong) as well as in the elution fraction (weak). In the presence of C 12 E 8 , however, the PG complex remained intact In the presence of C 8 E 4 (C), PG aggregation was almost completely abolished. PDE6 was found mainly in peak 1 (inset, labeled as 1). The second major peak eluting after the PDE6 peak represented the GST−PrBP/δ complex as indicated by SDS−PAGE analysis (inset, labeled as 2). (D) SEC analysis of the PDE6/δ conformation in the presence of C 8 E 4 . Fractions (0.5 mL) were collected. SDS−PAGE of fractions from the two major peaks is shown in the inset. The left band (labeled as 1) shows the fraction from the main peak with an estimated molecular mass of 200 kDa, whereas the right band illustrates the fraction from the last peak with an estimated molecular mass of 15 kDa (as indicated with an arrow). For all insets, analysis of the protein sample before SEC is shown next to the protein marker. The top band corresponded to PDE6 and the bottom band to GST-δ. Figure 6 . SDS−PAGE analysis of the detergent-depleted GST−PrBP/δ protein dissociated from the PG complex. (A) C 8 E 4 removed the GST− PrBP/δ protein from the PG complex. PG was mixed with GST-FF resin, and unbound proteins were removed when the resin was washed with PBS. Then the resin was incubated with PBS and 10 mM C 8 E 4 for 1 h at room temperature. The flow-through was collected (lane F, under C 8 E 4 ), and the resin was washed again with PBS and C 8 E 4 . Elution was accomplished with reduced glutathione (10 mM): F, flow-through; W, wash fractions; E, elution fraction. (B) The extent of dissociation of the PG complex was decreased by incubation with C n E m detergents with longer alkyl chains: C n , CH 3 (CH 2 ) n−1 alkyl chain; E m , (OCH 2 CH 2 ) m OH oligoethylene glycol. In the presence of C 8 E 4 or C 8 E 6 , PDE6 was identified mainly in SEC flowthrough fractions as shown by SDS−PAGE, but in the presence of C 12 E 8 , the PG complex remained intact in the elution fraction. Lanes F and E: flow-through and elution fractions, respectively, in the presence of C n E m . and was found mainly in the elution fractions. Thus, detergents with longer chain lengths were identified that did not compete with the PrBP/δ−GST protein for binding to the lipidlike heads of PDE6 C-termini, probably because of their more hydrophobic hydrocarbon chain "tails". Alternatively, perhaps such detergents do not insert well into the prenyl-binding pocket of PrBP.
Biochemistry
Verification of Suppression of PDE6 Basal Activity by the C 8 E 4 Detergent in a Different Enzymatic Assay. The SNARF-1 assay is only useful for initial screening because it has a relatively low sensitivity and utilizes almost all the substrate during the course of the reaction. Therefore, the catalytic properties of PDE6 and PDE6 t were also examined by direct HPLC analysis of cGMP hydrolysis ( Figure 1 of the Supporting Information). Trypsin-activated PDE6 t rapidly hydrolyzed cGMP, whereas PDE6 still displayed a certain level of activity. The catalytic parameters for PDE6 t were determined (K m = 31 ± 4 μM, and V max = 5122 ± 285 mol of cGMP mol
), in agreement with previous studies. 18,36−40 In the presence of C 8 E 4 , PDE6 t retained full activity ( Figure 7C ), rapidly hydrolyzing cGMP with the GMP level achieving a maximum in ∼1 min and a T 1/2 of ∼0.8 min without detergent. In the presence of C 8 E 4 , PDE6 t rapidly hydrolyzed cGMP with a T 1/2 of ∼1.2 ± 0.2 min in the presence of C 8 E 4 .
PDE6 also displayed cGMP hydrolytic activity in an enzyme concentration-dependent manner. At 5 nM, it slowly hydrolyzed cGMP ( Figure 7A ), but in the presence of C 8 E 4 , this basal activity was markedly depressed ( Figure 7D) ; the level of PDE6 hydrolysis was reduced approximately 10-fold from 1.4 to 0.13. Thus, both the SNARF-1 and direct product-based enzymatic assays showed that activated PDE6 remained fully functional in the C 8 E 4 detergent and purified PDE6 itself retained its inhibitory subunits (Figure 2 of the Supporting Information).
The activity of PDE6 was significantly suppressed in the presence of C 8 E 4 .
Electron Microscopy of PDE6 in Detergents. Taken together, the forgoing data have demonstrated that certain types of detergents tend to blunt the activity of PDE6, presumably by masking its isoprenylated C-termini and stabilizing the Pγ subunits. Thus, the resulting PDE6 should be more suitable for structural analysis.
Negative staining EM allows rapid screening of protein homogeneity with only small amounts of sample. Because PDE6/δ was highly purified, we studied its conformation in detergents by this procedure. In most detergents tested, such as C 8 E 4 ( Figure 8 , left panel of bottom layer) and DDM ( Figure 8 , middle panel of top layer), PDE6/δ appeared as one major population of particles exhibiting an elongated shape with a wide top and a narrower end. The shapes of these particles were similar to those without detergent (Figure 8 , top left panel) and identical to those seen in our previous EM study. 14 Samples with all tested detergents except CHAPS appeared fully homogeneous, indicating compatibility with PDE6/δ, but in CHAPS, most of the particles were smaller than those observed in DDM or C 8 E 4 or without detergent. Many displayed a V-shaped structure (Figure 8 , CHAPS right panel of bottom layer), indicating that CHAPS might have caused dissociation of the PDE6 complex, thereby providing a possible explanation for the reduced activity of PDE6 t in its presence.
■ DISCUSSION
PDE6 is an important enzyme in phototransduction. However, structural information about full-length PDE6 is lacking. As a prelude to detailed structural studies, we first measured the enzymatic activity of our purified bovine ROS PDE6 preparation and observed a basal level of cGMP hydrolytic activity. While being firmly attached to PDEα and -β subunits, Pγ subunits only weakly block the catalytic activities of the PDEα and -β core. Gtα effectively displaces Pγ during the activation process, but this inhibitory subunit is not removed because a larger complex with other proteins involved in termination of the activation process is formed, including the G protein transducin. 41, 42 Because this basal activity could be a "marker" for structural variability, we screened for additives or detergents that would completely suppress such activity while preserving the intrinsic activity of the PDE6 holoenzyme.
On the basis of our activity assays, the modest levels of basal activity exhibited by PDE6 purified from bovine ROS probably indicated that Pγ was not tightly bound to the catalytic sites of PDE6. The C-terminus of Pγ may only loosely associate with the catalytic site of PDE6, or perhaps only one Pγ is tightly bound, with the other loose or free, allowing this basal PDE6 activity. Meanwhile, the whole Pγ inhibitory unit could still be bound to PDE6 via a high-ionic affinity interaction with the central region of Pγ. Indeed, Pγ is known to inhibit PDE6 with the resulting Pγ−PDE6 interactions having been defined by many biochemical studies. The central region of Pγ (residues 24−45) is rich in Pro residues and positively charged amino acids and binds to the GAF-A domain of PDE6 with high affinity (K d ∼ 50 pmol). 32 The C-terminus of Pγ (residues 74−87) binds to the catalytic domain of PDE6 and blocks entry of the substrate into the catalytic site. 3,6,22,43−46 A nuclear magnetic resonance (NMR) study indicates that W70 plays a key role in this interaction. 9 Therefore, the protein may exhibit different dynamic conformations that result in sample heterogeneity. Pγ could have different association affinities for PDE6α and PDE6β. This dynamic conformation of Pγ along with its intrinsically disordered structure further complicates the possibility of crystallizing PDE6.
Here we have shown that certain types of detergents could help to stabilize PDE6. In the presence of C 8 E 4 , the basal activity of PDE6 was almost completely abolished, whereas PDE6 t remained fully active. The fluorescence-based PDE6 activity measurements provided a quick and effective way to screen for detergents that stabilize PDE6. Fortunately, this method required only small amounts of protein, allowing rapid screening of samples with additives and detergents along with appropriate replicates and controls, but the same method requires high concentrations of substrate (cGMP) to generate pH changes sufficient for quantification by the SNARF-1 dye. Therefore, to determine catalytic parameters of PDE6 in the presence of detergents such as C 8 E 4 , we used the more rigorous methodology directly measuring the hydrolysis product, GMP, by HPLC. In agreement with results of the SNARF-1 assay, the presence of C 8 E 4 did not alter PDE6 t activity, and the basal activity of PDE6 was greatly suppressed.
It is still unclear why some detergents repress PDE6 activity whereas others do not. Pγ certainly plays an inhibitory role in the PDE6 structure. The amino acid sequence of Pγ may explain its preference for interaction with polyoxyethylene glycols such as C 8 E 4 and Anapoe X-100. On the basis of our enzymatic activity assay results, only non-ionic detergents stabilized PDE6; zwitterionic and ionic detergents decreased or abolished PDE6 t activity, indicating a major conformational change or denaturation. Among the non-ionic detergents tested, polyoxyethylene detergents had the greatest stabilizing effect on the interaction with Pγ.
The isoprenylated carboxyl termini of PDE6αβ pose one of the major challenges in structural characterization of the enzyme purified from ROS. In the absence of membranes, hydrophobic isoprenyl groups are excluded from the aqueous phase and likely form a myriad of conformations when their tails are wedged nonspecifically into the protein core. The conformational heterogeneity of the protease-prone Pγ subunit and its possible heterogeneous truncation represent two of several major challenges for PDE6 subunit integrity. Amino acid analyses and biochemical studies of Pγ indicated that it is an intrinsically disordered protein (IDP), 46 ,47 whereas an NMR study revealed that, despite being intrinsically disordered in solution, Pγ also exhibits transient secondary structure. 9 Generally, IDPs undergo a disorder-to-order transition upon interaction with their functional partners, with C 8 E 4 having the most significant effect on PDE6, not only stabilizing Pγ but also interacting with the isoprenyl groups of PDE6 and either displacing the PrBP/δ−GST protein from the complex or interfering with the binding to PrBP/δ. Micelles of C 8 E 4 may restrict the movement of Pγ and help to keep it in place. The stabilizing effect of detergents was more detergent-specific than concentration-dependent. The presence of polyoxylethylene micelles could be useful in masking the isoprenylated Cterminal regions of PDE6 and reducing PDE6 heterogeneity. However, we did not observe a direct interaction between detergents and PDE6. On the basis of SEC analysis, elution profiles of PDE6 were the same in the presence or absence of detergents. There were no obvious size changes conferred by the presence of detergents. So how do detergents stabilize PDE6? Pγ is rich in Pro residues and positively charged amino acid residues in its central region. This property may allow the peptide to interact more favorably with certain types of detergents such as C 8 E 4 . It is likely that detergent micelles can effectively surround hydrophobic patches on Pγ, restricting its movements and stabilizing its blockage of sites of entry into PDE6 catalytic domains.
Hydrophobic interaction chromatography succeeded in quantitatively separating glutamic acid-rich protein (GARP2) from the PDE6 holoenzyme. 48 Moreover, PrBP/δ also releases PDE6 from ROS without solubilization of GARP2. 48 In a manner consistent with this report, we have not observed GARP2 in our preparations when PDE6 was released from rod membranes with the PrBP/δ−GST protein. On the basis of these observations, we speculate that C 8 E 4 likely would dissociate GARP2 from PDE6 when added to ROS membranes, but this detergent will also solubilize a fraction of rhodopsin, causing problems with further investigation of this enzyme in a biochemically acceptable form. The effect of this detergent on transducin will require additional study if the goal is to isolate the PDE6−transducin complex. Another unexplored area of investigation is determining if blocking the active site with filmy attached Pγ-C 8 E 4 will prevent or allow binding of nucleoside inhibitors.
In summary, we have demonstrated that certain types of detergents suppress the basal enzymatic activity of PDE6, presumably by stabilizing its structure. These detergents did not decrease the catalytic ability of activated PDE6. Moreover, the same detergents interacted with the C-termini of PDE6 and dissociated the PrBP/δ−GST protein from the ternary complex. An extensive body of literature demonstrates the effectiveness of including detergents in crystallization trials to prevent nonspecific aggregation due to hydrophobic interactions. This is further supported by our EM studies that illustrate a strategy for screening detergents quickly that allow PDE6 to retain its homogeneity. Detergents may play a critical role in the eventual structural characterization of the PDE6 complex.
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